Some lipid hydrolysis products such as medium-chained NEFA (MC-NEFA), sphingosine and monoacylglycerols (MAG) possess antibacterial activity, while others, including oleic acid, are essential for the optimal growth of Lactobacillus species. Thus, changes in the concentrations of NEFA and MAG in the distal ileum and colon can potentially selectively modulate the composition of the gut microbiota, especially in early life when lipid absorption efficacy is reduced. As medium-chained fatty acids are enriched in mothers' milk, such effects may be highly relevant during gut colonisation. In the present study, we examined the effect of selected NEFA, MAG and sphingosine on the composition of faecal microbial communities derived from infants aged 2 -5 months during a 24 h anaerobic in vitro fermentation. We tested lipid mixtures in the concentration range of 0-200 mM, either based on MC-NEFA (10 : 0 to 14 : 0 and MAG 12 : 0) or long-chained NEFA (LC-NEFA; 16 : 0 to 18 : 1 and MAG 16 : 0) with and without sphingosine, representing lipid hydrolysis products characteristic for intestinal hydrolysis of breast milk lipids. Ion Torrent sequencing of the bacterial 16S ribosomal RNA gene revealed that the relative abundance of lactic acid-producing genera, including Lactobacillus and Bifidobacterium, was generally increased in the presence of 50 mM or higher concentrations of MC-NEFA. For Bifidobacterium, the same effect was also observed in the presence of a mixture containing LC-NEFA with sphingosine. On the contrary, the relative abundance of Enterobacteriaceae was significantly decreased in the presence of both lipid mixtures. Our findings suggest that the high concentration of medium-chained fatty acids in breast milk might have functional effects on the establishment of the gut microbiota in early life.
The important role of the human gut microbiota in relation to general health and well-being is now well established, and it is hence essential to obtain an understanding of the factors that form the composition of bacterial communities.
During birth and the first days of life, the gut microbiota starts to establish and evolve. The first colonisers play an important role, as the initial colonisation and community development is likely to affect the composition of the human microbiota throughout life (1) . Immediately after birth, bacteria originating from the diet and environment of the newborn child start colonising the gut. Some of these bacteria may originate directly from the breast milk (2) . Facultative anaerobic bacteria are the first to establish in the gut (3, 4) , generating an anaerobic environment, thus creating favourable conditions for obligate anaerobic bacteria (1, 5) . In particular, establishment of lactic acid-producing bacteria, such as lactobacilli and bifidobacteria, have raised considerable interest. Besides their ability to enhance the bioavailability of nutrients, they have been shown to reduce symptoms associated with acute diarrhoea in infants (6) as well as the occurrence of necrotising enterocolitis in preterm infants (7) . Rapidly, anaerobic bifidobacteria become the most dominating genus, typically represented mainly by the species B. longum (8) . The intestinal microbiota is relatively dynamic in early life, and its development depends on many different factors including diet, environment and host metabolic processes (9) .
The energy supply in early postnatal life originates mainly from lipids, as this is the main energy source in human breast milk (10, 11) . The fatty acid (FA) composition of maternal milk is highly dependent on the mother's diet (12) ; however, the major FA are always a combination of medium-chained fatty acids (MCFA), such as caprylic acid (8 : 0), capric acid (10 : 0) and lauric acid (12 : 0) as well as the long-chained fatty acids (LCFA), such as myristic acid (14 : 0), palmitic acid (16 : 0), palmitoleic acid (16 : 1), stearic acid (18 : 0), oleic acid (18 : 1) and linoleic acid (18 : 2) (13 -15) . In particular, the high concentration of MCFA is unique for milk. The total content of MCFA varies between 6 and 20 wt% of total FA (16) , with highest concentrations in situations with low maternal fat intake (17) . The high concentration of MCFA is explained by the presence of a mammary-specific medium-chained acylthioester hydrolase that releases MCFA rather than palmitic acid, as the product of de novo lipogenesis (18) . To explain the presence of the, mammary-specific, synthesis of MCFA, it is assumed that they must fulfil important functions in neonate nutrition. In formula milk, lipids are most often added in the form of vegetable oils, thereby comprising primarily LCFA with no MCFA, if not specifically added. Another component found in human milk, not normally found in infant formulas, is sphingomyelin. Sphingomyelin typically constitutes 30 -40 % of phospholipids in breast milk (19, 20) . In the gut, ingested sphingomyelin is first degraded to ceramide through the activity of the alkaline sphingomyelinase, and ceramide is further degraded to sphingosine by a neutral ceramidase, and finally sphingosine is absorbed by the enterocytes (21) . Thus, the main differences in lipid hydrolysis products formed in the infant gut after feeding breast milk compared with infant formula are the presence of sphingosine and relatively high concentrations of MCFA. Interestingly, in studies on the skin microbiome, as well studies on lipid effects on foodborne pathogens, these two classes of molecules have been shown to possess potent anti-microbial activities, which may affect the composition of the skin microbiome (22 -24) . Several studies have shown that sphingosine can have antimicrobial effects against a series of both Gram-negative and Gram-positive bacteria including Escherichia coli and Staphylococcus aureus (24, 25) . Furthermore, the most common MCFA in milk, lauric acid (12 : 0), also has antimicrobial effects against a number of bacteria including species of Fusobacterium, Clostridium, Salmonella and Listeria (22, 24) . It is also noteworthy that the most common FA in human milk, oleic acid (18 : 1), has been found to stimulate the growth of several Lactobacillus species (26 -29) . Thus, literature data suggest that lipid hydrolysis products characteristic for breast milk might be able to modulate community structure in the gut microbiota in different ways, compared with those formed after infant formula digestion.
For dietary lipids to have an impact on microbial communities, they must reach the part of the intestine highly colonised by the microbiota, i.e. the distal ileum and colon. The efficacy of lipid absorption varies; however, from studies of lipid residues in stool, it is clear that lipids are less well absorbed in infants than in adults (30) . Due to the low concentration of bile and the very low pancreatic lipase activity in the small intestine of newborns, TAG hydrolysis by the gastric lipase plays a major role in FA absorption in infants (10) . Gastric TAG hydrolysis is higher after consumption of breast milk than that of infant formula (31, 32) ; hence, FA absorption is lower from formula than breast milk, which also is reflected in a higher faecal fat excretion in infants fed with formula than breast milk (33) . The amount of fat excreted with the stool has been found to be up to 20 -30 % in preterm infants, 10 % in term infants and less than 5 % in adults (10) . Little is known about the concentrations of specific milk FA in the intestinal tract of human infants; however, caecal content of MCFA in piglets fed diets containing similar concentrations of MCFA as in human milk (approximately 3 wt% compared to approximately 6 % in human milk) has been found to be about 200 mmol/kg (34) , indicating that the concentration of MCFA in the distal ileum is high enough to have an impact on bacterial growth. It is also well known that degradation of sphingomyelin is a slow process that continues through the entire gut including the colon (21) , thus the entire microbiota will be exposed to sphingosine released in this process. Despite the variation in lipid hydrolysis products that reach the bacteria-rich environments of the gut, very little is known about the influence of specific lipids on intestinal bacterial composition.
Breast-fed infants have a higher relative abundance of Bifidobacterium compared with formula-fed infants (35) , which is consistent with studies demonstrating that human milk oligosaccharides selectively stimulate bifidobacteria (36) . However, we hypothesise that lipid hydrolysis products from human milk fat may also influence the composition of the gut microbiota. Thus, the aim of the present study was to investigate how lipid hydrolysis products characteristic for the hydrolysis of human milk, rather than infant formula, affect the composition of microbial communities originating from infants during a 24 h in vitro fermentation.
Materials and methods

Experimental set-up
Sample collection and processing. Faecal samples from nine healthy infants (aged 2 -5 months) were collected as inoculum for in vitro fermentation. Of these infants, one was born by caesarean section, and at the time of sampling, all infants were breast-fed. Neither the infants nor their mothers were treated with antibiotics during the last 3 months before sample collection. Faecal samples were collected at the home of the participants, where diapers right after defecation were compressed in a tightly sealed plastic bag, minimising air exposure. Diapers were stored at þ58C until further processing in the laboratory. Storage time was limited to a maximum of 3 h. Faecal samples were prepared for in vitro fermentation in an anaerobic cabinet (10 % H 2 , 10 % CO 2 and 80 % N 2 ; Macs Work Station, Don Whitley Scientific Limited). Faecal samples were taken from the middle of each stool and homogenised in 50 % pre-reduced glycerol in the ratio of 1:1. The samples were stored at 2 808C until use.
Informed consent for the use of the children's samples in the study was obtained from all mothers.
Small-scale in vitro fermentation. To examine the effect of lipid hydrolysis products on microbial composition in infant faecal samples, a small-scale (4 ml) batch in vitro fermentation method was used. To a fermentation medium rich in carbohydrates, mixtures of NEFA, monoacylglycerols (MAG) and sphingosine were added in various physiological relevant concentrations, as described below, mimicking the composition of lipid hydrolysis products from TAG in human milk fat.
Preparation of fermentation medium. The fermentation medium contained (per litre) (37) : 2·0 g peptone water (Oxoid Limited); 3·0 g yeast extract (normally 1·0 g; Oxoid Limited); 0·1 g NaCl (Merck KGaA); 0·04 g KH 2 PO 4 (Merck KGaA); 0·01 g MgSO 4 .7H 2 O (Merck KGaA); 0·01 g CaCl 2 .2H 2 O (Sigma-Aldrich); 2 g NaHCO 3 (Sigma-Aldrich); 1·0 ml Resazurin solution (0·05 g Resazurin (Sigma-Aldrich) in 100 ml ion-exchanged water). To mimic the intestinal environment and concurrently not to limit the bacterial growth by the fermentation medium itself, the following ingredients were added (per litre): 4·0 g mucin from porcine stomach (SigmaAldrich); 1·0 g arabinogalactan (Sigma-Aldrich); 2·0 g pectin from apple (Sigma-Aldrich); 1·0 g xylan from beechwood (Sigma-Aldrich); 3·0 g starch from potatoes (Sigma-Aldrich); 0·4 g glucose (Merck KGaA).
Finally, a mixture of FA emulsified in bile salt was added, as described below.
Preparation of fatty acid mixtures. Mixtures of FA, MAG and sphingosine were prepared in four different combinations, each mimicking a part of the lipid hydrolysis product from human milk fat. Mixture I (MCFA) comprising capric acid (10 : 0), lauric acid (12 : 0) and myristic acid (14 : 0) were mixed in the ratio 10:65:25. Lauric acid as 2-MAG was added, giving an overall NEFA:MAG ratio of 2:1. Mixture II (MCFA þ 10 mol% sphingosine) consisted of mixture I þ additional 10 mol% sphingosine. Mixture III (LCFA) comprising palmitic acid (16 : 0), stearic acid (18 : 0) and oleic acid (18 : 1) were mixed in a ratio of 50:10:40. Palmitic acid as 2-MAG was added, giving an overall NEFA:MAG ratio of 2:1. Mixture IV (long-chained NEFA þ 10 mol% sphingosine) comprised mixture III þ additional 10 mol% sphingosine.
All lipids were from Sigma-Aldrich, except for lauric acid as 2-MAG being from Larodan AB.
The lipid mixtures were prepared in chloroform -methanol (2:1), and the organic solvent was evaporated under N 2 . The lipid mixtures were emulsified by the addition of 0·5 g/l porcine bile salt (Sigma-Aldrich) mixture dissolved in ionexchanged water, and sonicated (Kem-En-Tec Nordic A/S) for 3 min.
The lipid mixtures were added to the fermentation medium to a final concentration of 0, 10, 50, 100 and 200 mM of combined NEFA and 2-MAG. In mixtures II and IV, additionally 10 mol% sphingosine was added corresponding to final concentrations of 0, 1, 5, 10 and 20 mM.
After lipid addition, pH was adjusted to 7·0 using 1 M-HCl followed by autoclaving at 1218C for 15 min.
After autoclaving, the following compounds were added (per litre): 0·5 g L-cysteine-HCl solution (100 g/l L-cysteineHCl (Sigma-Aldrich) in ion-exchanged water, filtered); 10 ml Hemin solution (50 mg Hemin (Sigma-Aldrich) in 1·0 ml of 1 M-NaOH and 100 ml ion-exchanged water, filtered); 2·0 ml vitamin K 1 solution (0·15 ml vitamin K 1 (Sigma-Aldrich) in 30 ml ethanol (96 %; CCS Healthcare AB)).
The autoclaved fermentation medium was pre-reduced overnight at þ 378C in an anaerobic cabinet before use.
Anaerobic in vitro fermentation. Faecal samples (1:1 in glycerol) were defrosted and diluted at 1:5 in pre-reduced PBS (pH 7). The samples were hereafter further diluted in the fermentation medium (1:10), resulting in a final dilution of 1:100. In vitro fermentation was conducted in an anaerobic cabinet for 24 h, and all fermentation experiments were performed in triplicate. During fermentation, tubes were slightly shaken and caps were loosely tightened to allow gas exchange, with little evaporation. The samples (4 ml) for analysis of changes in the composition of bacterial communities were obtained at the beginning of fermentation (t 0 ) and after 24 h (t 24 ), and pH was measured at both time points.
Sample analysis
Bacterial distribution Purification of bacterial DNA. Total bacterial DNA from fermentation was extracted and purified using a QIAamp DNA stool mini kit (Qiagen), according to the manufacturer's instructions. In advance, a bead-beating step was included using 0·1 mm zirconia -silica beads (Bio Spec Products, Inc.). DNA concentrations were measured using the Qubitw dsDNA HS Assay Kit (Thermo Fisher Scientific Inc.) with the Qubitw 2.0 Fluorometer. Purified DNA was stored at 2 208C until use.
Real-time quantitative PCR assay conditions. Changes in faecal microbial communities were monitored at the two time points (t 0 and t 24 ) by real-time quantitative PCR (qPCR) using selected validated primers (Table 1) , with apparatus, running conditions and data processing procedure as described previously (38) . Sequencing of 16S ribosomal RNA encoding gene amplicons. For samples fermented with a lipid mixture concentration of 0, 50 and 100 mM, respectively, 16S ribosomal RNA (rRNA) gene sequencing was performed on the Ion Torrent platform, as described previously (39) . Briefly, the V3-region of the 16S rRNA gene was amplified using a universal forward primer
with a unique 10 -12 bp barcode for each bacterial community (IonXpress barcode as suggested by the supplier; Life Technologies) and an universal reverse primer (PBR 5 0 -trP1-adapter-ATTACCGCGGCTGCTGG-3 0 ). Sequencing was carried out on an Ion OneTouche platform (Ion Torrent TM ; Life Technology) using a 318-V2 chip. Sequence data were obtained in the FASTQ format and further processed using the CLC bio genomic workbench (Qiagen) in order to de-multiplex and remove sequencing primers and perform quality trimming.
Taxonomic assignment to 16S reads and data handling. Ribosomal Database Project Classifier software (RDP 10 database, Update 18) was used to classify the sequences (40) . At the phylum, family and genus levels, the relative abundance of bacterial taxa was calculated as a percentage of the total number of reads for each sample. Fold differences were calculated for both 50 and 100 mM samples compared with the control samples (0 mM).
SCFA analysis. Analysis of SCFA is a slightly modified version of a previously published method (41) . The method was validated through spiking of authentic samples with increasing concentrations of the standards used in the calibration curve before sample homogenisation and analyses, and determining intra-and inter-assay variability. Intra-assay variability was on average for the different SCFA determined to be 5·4 % and average inter-assay variability to be 8·6 %.
For quantification, a combination of internal and external calibration was used. As an internal standard, 5 mmol 2-ethyl butyric acid dissolved in 10 % formic acid was added to 500 ml of each sample before sample preparation. Calibration curves of standard mixtures containing acetic, propionic, butyric, iso-butyric, iso-valeric, valeric, caproic, 2-ethyl butyric acids (Sigma-Aldrich) in concentrations ranging from 20 mM to 20 mM were analysed in the same GC sequences as the samples on each day of the analyses. After addition of the internal standard, the fermentation fluid was centrifuged at 10 000 g for 10 min, the supernatant was filtered through 0·2 mm Phenex-NY syringe filters (Phenomenex) and transferred to GC vials. The analysis was performed using a HP 6890 GC system from Agilent Technologies with a CP-FFA wall-coated open tubular (WCOT) fused silica capillary column (25 mm £ 0·53 mm £ 1 mm film thickness; Chrompack). The injector and detector temperature was 2508C, and He gas was used as a carrier (constant flow rate 1 ml/min). The initial temperature at 608C was kept for 30 s; thereafter, the temperature was raised to 1808C with 108C/min. This temperature was kept for 3 min before it was increased with 208C/min to a final temperature at 2158C, which was kept for 5 min before re-setting of the system to the initial temperature. The total GC programme lasted for 22 min. Data collection and peak integration was performed using the OpenLAB Chromatography Data System (CDS) ChemStation Edition software. Peak integration was manually controlled and manually optimised when needed.
SCFA concentration in the samples was determined based on the external standard for each SCFA, and normalised to the concentration of the internal standard to compensate for losses during sample preparation.
Statistical analysis
Data are presented as box and whisker plots with 5th-95th percentiles. Statistical analysis was performed using the GraphPad Prism 5.00 software (GraphPad Software, Inc.) and the R software package version 3.0.2 (http://www.r-project.org).
The effect of lipid hydrolysis products on bacterial composition was analysed using a two-sample permutation test, followed by a calculation of false discovery rate indicated as a q value. The q values should be interpreted as the probability of obtaining false discoveries within the given test set of a total of 168 (phylum, family and genus levels). Differences between groups were considered statistically significant if q values , 0·05 were obtained. Correlations between groups and lipid concentration were calculated using a Pearson's test for normally distributed data and a Spearman's rank correlation test for non-parametric data. The distribution of each dataset was tested using a D'Agostino -Pearson omnibus K2 normality test with a significance level at 0·05.
Principal component (PC) analysis of the relative bacterial composition at the family level, based on the 16S rRNA gene sequencing, was performed on auto-scaled data using the software package LatentiX 2·11 (Latent5; http://www. latentix.com). Score values for PC 1, 2 and 3 were calculated for the three tested concentrations (0, 50 and 100 mM) of all the sequenced samples.
Results
Bacterial distribution
Bacterial composition of the inoculum. Sequencing of the infant faecal samples used as inoculum in the anaerobic in vitro fermentation resulted in the classification of more than 99 % of the bacteria at the genus level, while the entire community was characterised at the phylum and family levels ( Fig. 1) . Individual 'C' was delivered by caesarean section. At the phylum level ( Fig. 1(a) ), the microbial communities were dominated by Actinobacteria in six of the donors and by Firmicutes in the remaining three. Together, these phyla accounted for more than 73 % of the total bacterial population in all donors. Bacteroidetes constituted between 5 and 10 % of the total population, except in two samples (A and H), which contained no Bacteroidetes. Proteobacteria accounted for no more than 5 %, except in two samples (A and H), which contained 27 and 12 % Proteobacteria, respectively.
At the family level ( Fig. 1(b) ), Actinobacteria were dominated by Bifidobacteriaceae and to a lower extent by Coriobacteriaceae. Additionally, Micrococcaceae and Actinomycetaceae were found in low levels (, 0·2 %) in half of the samples.
The families within Firmicutes varied greatly between donors. The most common families were Enterococcaceae, Peptostreptococcaceae, Ruminococcaceae, Lachnospiraceae and Veillonellaceae. However, also Erysipelotrichaceae, Lactobacillaceae and Acidaminococcaceae were found in a few of the samples.
Within the Bacteroidetes, Bacteroidaceae was the most abundant family found in seven out of nine samples. Porphyromonadaceae were found in half of the samples with abundances up to 7 %. Likewise, Rikenellaceae were found in half of the donors, but in lower levels (, 1 %). Enterobacteriaceae accounted for most of the families within Proteobacteria, constituting typically 3 % of the population, except in two samples (A and H), which had levels of 27 and 12 %. Halomonadaceae, Desulfovibrionaceae and Sutterella were found in half of the donors in levels below 2 %.
At the genus level (results not shown), Bifidobacterium dominated Actinobacteria, whereas Streptococcus, Veillonella and Blautia dominated Firmicutes. Lactobacillaceae were represented by Lactobacillus and Bacteroides constituted most of the Bacteroidetes, while Enterobacteriaceae were either represented by Klebsiella or Escherichia/Shigella.
Effect of fermentation with lipids on lactic acid-producing bacteria as determined by quantitative PCR. qPCR revealed that fermentation with 50 mM or higher concentrations of MCFA resulted in higher relative abundances of Bifidobacterium than observed in fermented controls with no added MCFA (50 mM: P¼0·003, q ¼ 0·039; 100 mM: P¼0·004, q ¼ 0·029 and 200 mM: P¼0·003, q ¼ 0·029; Fig. 2(a) ). The relative abundance of Bifidobacterium was significantly correlated with the concentration of MCFA added up to 100 mM (P¼0·035, R 2 0·9930; results not shown). This effect of MCFA was not present when 10 mol% sphingosine was added to the MCFA mixture (Fig. 2(c) ). Interestingly, while the addition of LCFA alone did not affect the growth of Bifidobacterium (Fig. 2(b) ), a combination of LCFA and 10 mol% sphingosine promoted their growth (100 mM: P¼0·0111, q ¼ 0·0329; Fig. 2(d) ). The relative abundance of Lactobacillus was significantly higher after addition of MCFA at concentrations of 50 and 100 mM (50 mM: P¼ 0·008; q ¼ 0·031 and 100 mM: P¼0·006; q ¼ 0·031; Fig. 2(e) ); however, no correlation was observed between the relative abundance and concentration of MCFA. Neither MCFA in connection with sphingosine ( Fig. 2(g) ) nor any of the LCFA mixtures had an effect on the growth of Lactobacillus (Fig. 2(f) and (h) ).
Additional qPCR was conducted using primers targeting specific species within Bifidobacterium and Lactobacillus. Here, B. longum was found in all individuals, and a stimulatory effect of MCFA on their growth was observed (50 mM: P¼0·028, q ¼ 0·040; 100 mM: P¼0·004, q ¼ 0·029 and 200 mM: P¼0·005, q ¼ 0·029; Fig. 2(i) ), as was also observed for the Bifidobacterium genus, this effect was dose-dependent up to 100 mM (P¼0·010, R , Bifidobacteriaceae; , Coriobacteriaceae; , Bacteroidaceae; , Porphyromonadaceae; , Rikenellaceae; , Enterobacteriaceae; , Desulfovibrionaceae; , Sutterellaceae; , Streptococcaceae; , Lactobacillaceae; , Enterococcaceae; , Veillonellaceae; , Acidaminococcaceae; , Lachnospiraceae; , Clostridiaceae; , Peptostreptococcaceae; , Ruminococcaceae; , Erysipelotrichaceae; , unclassified; , others.
correlation test revealed that the higher relative abundance of Bifidobacterium was significantly correlated with the concentrations of MCFA ranging from 0 to 100 mM (P¼0·0035, R 2 0·9930; results not shown). The species B. adolescentis, B. pseudocatenulatum and B. breve were only found in two to four of the samples. However, the tendency to increasing abundance with increasing concentration was similar for all the tested Bifidobacterium species (results not shown).
Effect of fermentation with lipids on lactic acidproducing bacteria as determined by 16S ribosomal RNA gene sequencing. To further characterise the lipid-induced changes in the microbiota, treatments in which changes in Lactobacillus and Bifidobacterium were observed were further sequenced. As the preliminary effects were observed mainly at concentrations of 50 and 100 mM, only these concentrations (as well as the controls) were included in the sequencing.
Ion Torrentw sequencing generated in total 3·2 million high-quality reads, and the number of reads per sample was 30·044-61·084, giving an average of 47·155 reads per sample (median 44·785). On average, more than 99 % of the bacteria were classified at the genus level.
Sequencing revealed a number of changes caused by the addition of MCFA and LCFA þ sphingosine at the phylum, family and genus levels. The effects are summarised in Table 2 .
Both MCFA and LCFA þ sphingosine affected the relative abundance of Actinobacteria (Table 2) . Consistent with the qPCR data, the genus Bifidobacterium was observed to be 3-fold higher after the addition of both types of lipid mixtures at the concentration of 100 mM. Also concentrations of 50 mM tended to increase the relative abundance of this genus (MCFA: P¼ 0·032, q ¼ 0·064; LCFA þ sphingosine: P¼0·035, q ¼ 0·063). Within the Coriobacteriaceae, the genus Eggerthella was approximately 3-fold higher after the addition of MCFA at 50 mM, whereas this effect was only a tendency after the addition of 100 mM (P¼0·045, q ¼ 0·082).
Within the Proteobacteria, only the addition of LCFA þ sphingosine showed an effect. Here, the addition of 100 mM significantly decreased the relative abundance of this phylum. Additionally, there was a tendency that the family Enterobacteriaceae was significantly decreased at both 50 and 100 mM. The relative abundance of Bacteroides was 0·6-fold lower after the addition of MCFA at 100 mM; however, this effect was not observed at the concentration of 50 mM (P¼0·680, q ¼ 0·285).
In agreement with the qPCR data (Fig. 2) , a 3·7-fold higher relative abundance of Lactobacillus was observed after the addition of MCFA at both 50 and 100 mM. The relative abundance of Streptococcus was significantly higher after the addition of MCFA at 100 mM. This effect was not observed by the addition of MCFA at 50 mM (P¼0·207, q ¼ 0·170). Conversely, the relative abundance of the families Lachnospiraceae and Erysipelotrichaceae were significantly lower. Lachnospiraceae was 0·6-fold lower after the addition of MCFA at 50 mM, and Erysipelotrichaceae was 0·6-fold lower after the addition of LCFA þ sphingosine at 50 mM. However, concentrations at 100 mM did not have any effect on either of these families.
The principal component analysis based on bacterial distributions between the genera (Fig. 3) revealed that the addition of both MCFA and LCFA þ sphingosine significantly affected the distribution along PC1 in the score plot, where the addition of either lipid mixture shifted the scores for each individual sample at PC1 towards lower values (Fig. 3(a) and (d) ). As observed from the loading plots for both MCFA and LCFA þ sphingosine (Fig. 3(b) and (d) ), this is caused by a shift in the bacterial composition away from Proteobacteria (defined by Escherichia/Shigella and Veillonella) towards lactic acid-producing genera such as Bifidobacterium, Enterococcus, Actinomyces, Lactobacillus and Streptococcus, which all have loading values # 2 0·4.
Using a Wilcoxon matched-pairs signed-rank test, it was found that addition of MCFA at 100 mM, as well as of LCFA þ sphingosine at both 50 and 100 mM significantly lowered the PC1 values compared with the controls (Fig. 3(c) and (f) ).
Effect of fermentation without added lipids. Comparison of bacterial communities originating from before (original inoculum) and after (control samples) the 24 h in vitro fermentation revealed that the biggest change occurring during fermentation without added lipids occurred within the genera Escherichia/ Shigella and Bifidobacterium. The initial percentage of Escherichia/Shigella in the inoculum was on average 1·07 (SD 1·34) % of the total genera; however, after the 24 h in vitro fermentation, this level was significantly increased (P¼0·006; Student's t test) to levels up to 94·7 % (40·7 (SD 32·8) %) (Fig. 4(a) ). In two sample communities, levels remained at approximately 0·1 % both before and after the fermentation.
In contrast, the relative abundance of Bifidobacterium was significantly decreased (P¼0·012) from more than 55 % (53·1 (SD 34·2) %) to less than 33 % (15·4 (SD 12·0) %) after the 24 h in vitro fermentation (Fig. 4(b) ). The relative abundance of Lactobacillus was only increased in two of the individuals, while the others remained unaffected by the fermentation (Fig. 4(c) ). However, Lactobacillus was only present in five of nine individuals.
SCFA analysis. To investigate the functional effects caused by the change in the composition of the microbial communities, the amounts of SCFA in supernatants from the fermentation medium were determined. As the most pronounced effect on bacterial distribution was observed at a concentration of 100 mM, these samples were selected for the measurements of SCFA. The addition of MCFA (Fig. 5(a) ) and MCFA þ sphingosine (Fig. 5(b) ) did not affect SCFA production. Fermentation with added LCFA and LCFA þ sphingosine resulted in either significantly higher or lower levels of propionic acid, respectively, than measured levels in the controls (Fig. 5(c) and (d) ). All the other SCFA remained unchanged.
Discussion
The fermentation medium used in the present study was an enriched medium containing both simple and complex carbohydrates. Simple carbohydrates are normally absorbed for energy extraction in the duodenum and upper ileum, and thus less likely to reach the lower ileum and colon where bacterial fermentation takes place. However, as the aim of the present study was to investigate the effect of lipid mixture addition, and not the bacterial ability to grow on FA as their sole carbohydrate source, it was essential to design the fermentation medium not to be limiting the availability of bacterial carbohydrates. Under these carbohydrate-rich conditions, we investigated the effect of lipid hydrolysis products from milk fat on the bacterial composition of the gut microbiota isolated from nine healthy infants. Sequencing and qPCR of 16S rRNA gene regions was applied to examine the composition of bacteria in communities derived from infant faeces after a 24 h anaerobic in vitro fermentation.
Classification at the phylum, family and genus levels revealed, as expected, a much less complex microbiota in infants than normally seen in adults (42) , probably due to consumption of a less complex diet during the early part of life. The composition was found to vary greatly between infants, confirming previous findings (43) . Despite the vast compositional variation between samples, the microbial communities responded almost uniformly to the different lipid additions, which showed highly specific effects on the growth of certain bacterial genera. Overall, four different combinations of lipids were tested for their effect on bacterial abundance; however, in general, the MCFA and LCFA þ sphingosine had the greatest influence.
Both MCFA and LCFA þ sphingosine caused a significantly higher relative abundance of Bifidobacterium, including B. breve, B. adolescentis and B. pseudocatenulatum compared with the controls. Apart from this, the addition of MCFA resulted in a higher relative abundance of Lactobacillus. In agreement with the present results, a study in broilers has shown that a diet rich in MCFA promoted specific Lactobacillus species, while species belonging to the families Micrococcaceae and Enterococcaceae were suppressed (44) .
Another study in piglets has demonstrated an increase in the abundance of L. johnsonii as a result of MCFA-enriched diet (34) . Thus, there is accumulating evidence that MCFA can have a specific stimulatory effect on Lactobacillus. The sequencing data also showed that both MCFA and LCFA þ sphingosine caused a general shift of the microbiota, reducing the abundance of Proteobacteria and increasing the abundance of lactic acid-producing bacteria (Fig. 3) , which must be considered as a positive effect in the infant gut (45) . This may be caused by a higher sensitivity of the Gram-negative Proteobacteria to FA, giving a competitive advantage to acid-tolerant lactic acid producers. The relative increase in the amount of Bifidobacterium in MCFA-and LCFA þ sphingosine-supplemented fermentations, compared with the controls, seems to be explained by a reduced abundance of these bacteria in the controls, rather than by an actual increase in the lipid-supplemented fermentations. This supports the interpretation that the effect of the lipids on bifidobacteria may rely primarily on the competitive advantage caused by an antagonistic effect of the lipids on competing species such as Proteobacteria.
The observed changes in the microbiota composition, with a relative increased concentration of SCFA producers such as Bifidobacterium and Lactobacillus, could imply a higher production of SCFA after the addition of MCFA and LCFA þ sphingosine. Therefore, we analysed the concentration of SCFA in the fermentation fluid. Despite the relatively pronounced changes in the microbiota, there were no changes in SCFA content or composition after the addition of MCFA and only an increase in propionic acid was observed after the addition of LCFA þ sphingosine. Although superficially surprising, bacterial production of SCFA is highly dependent on their access to carbon sources, and when carbohydrates are not limited, as in the present study, it is known that, for example, Bifidobacterium species produce more lactate as metabolic end products (46) . Lactate is then rapidly consumed by other species in the community. Hence, the fact that we have fermented the microbiota samples in carbohydrate-excess conditions might explain why the observed relative increase in the populations of Bifidobacterium and Lactobacillus does not lead to concomitant increased SCFA production.
MCFA and sphingosine have previously been studied for their antibacterial effects against pathogenic bacteria on human skin (22, 24) . It is not plausible that the stimulated lactic acid-producing Gram-positive bacteria are utilising FA as carbon source. As the fermentation medium contains both simple and complex carbohydrates, these carbon sources would have to be degraded before bacterial metabolism switches to lipid metabolism (47) . However, as several studies have demonstrated that unsaturated FA and oleic acid, in particular, stimulates the growth of specific Lactobacillus species (26) , we had expected that the growth of Lactobacillus would be stimulated by the addition of LCFA, but this was not observed. One possible explanation may be that other bacteria, such as Escherichia/ Shigella, which were observed to be favoured by the in vitro conditions, may overgrow the low-abundant Lactobacillus in our model system. The relative stimulation of Lactobacillus in the presence of MCFA would then be explained by either a stronger inhibition of Escherichia/Shigella under these conditions, or a specific positive effect on Lactobacillus growth by MCFA, or a combination of both.
The lipid mixtures in the present study were applied in concentrations ranging from 10 to 200 mM, and significant effects were observed for concentrations $ 50 mM. It has been reported that the concentration of caprylic acid (8 : 0) and capric acid (10 : 0) in the caecum and distal jejunum of piglets is about 100 mmol/kg lumen content and even higher in the proximal and mid-jejunum (34) . Hence, the applied concentrations are within a physiological range. In general, the effects observed by the addition of lipid mixtures at 100 and 200 mM, respectively, were similar, indicating that bacteria tolerating a concentration of 100 mM also tolerate higher concentrations, and that the maximal inhibitory effect on competing bacteria is thus reached at 100 mM.
Breast milk is unique in its relatively high content of MCFA. This is considered mainly to be due to the fact that MCFA are easier and rapidly absorbed and oxidised for energy extraction than LCFA, since they are primarily absorbed via the portal vein directly to the liver and rapidly transferred to the mitochondrial matrix independent of the carnitine shuttle system (48) . However, the present results suggest that these FA also play another important role in infancy, namely the modulation of the gut microbiota. During this very early period of life, where energy extraction and maturation of the immune system is essential for optimal growth and development, an increase in the growth of lactic acid-producing bacteria (i.e. Bifidobacterium and Lactobacillus) and the reduced abundance of Proteobacteria in the establishing gut microbiota may very well be beneficial.
The present study contributes to the development of new nutritional strategies intended to modulate the microbiota in infants, which may support a healthy development of the metabolic and immune system.
